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ABSTRACT
(57)
Methods for disaggregating nanodiamond clusters, for
example , by using ultrasound to break apart nanodiamond
aggregates in a sodium chloride aqueous slurry . Composi
tions , such as aqueous nanodiamond dispersions and dry
particulate compositions that may be produced using these

methods.
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FIG . 1A
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SALT -ASSISTED ULTRASONIC

DISAGGREGATION OF NANODIAMOND

REFERENCE TO RELATED APPLICATION
[ 0001] This application claims priority to U . S . application
No. 62/420 ,646 filed Nov . 11 , 2016 , the entire disclosure of

which is incorporated by reference .

FIELD OF THE INVENTION
[0002 ] This application describes methods for disaggre
gating nanodiamond clusters , as well as compositions pro
duced using these methods.
BACKGROUND

[0003] Nanodiamonds have numerous useful properties,
ranging from lubrication , to nanofillers for polymer and

metal composites, and to medical applications . Nanodia
monds produced through a detonation process are biocom

patible , inexpensive to produce , and scalable . Recently ,

progress in preparing aqueous dispersions of nanodiamonds
has facilitated their use both in biomedical field and in

polymer composites .

[0004 ] Many existing and potential applications in the

biomedical and pharmaceutical fields, in particular, depend
upon nanodiamonds having a very small average particle

size. For example , nanoparticles having a particle size
within the range of 10 - 100 nanometers can be suspended
and circulate within blood , and are readily removed from the

bloodstream by the kidneys. Nanoparticles smaller than 10
nanometers have several additional properties , such as the
ability to penetrate the blood -brain barrier or a cell ' s nuclear
pore complex , that are highly desirable in biomedical appli
cations.

to previously known wet milling processes , which had

required the use of zirconia as the milling media .

[0008 ] Unfortunately , the process disclosed in the '593

publication still presents a number of drawbacks that limit
its usefulness in preparing disaggregated nanodiamonds for

biomedical applications. In addition to being relatively

expensive and costly to maintain , attrition mills use steel

jars , shafts and balls , which represent sources of metal
contaminants and are subjected to severe wear and corrosion

during the milling process , especially in the presence of salt.

As a result, nanodiamonds produced using the process
described in the ' 593 publication are often contaminated

with metal impurities, including iron and other components
of the steel. While many of the metal impurities are soluble
in acids, they require the use of an additional purification

step that reduces the overall efficiency and adds to the cost
process described in the ' 593 publication can reduce the size
of the nanodiamond aggregates down to an average diameter
of 30 -50 nanometers , single -digit nanodiamonds cannot be
obtained unless the dispersion pH is adjusted to approxi
mately 11 upon completion of the milling. This requires the
introduction of yet another process step , and adds still more
cost and complexity.
[0009 ] It is therefore highly desirable to develop a method
for disaggregating nanodiamonds that is inexpensive , easy
to implement, and does not introduce unwanted impurities
and complexity of the process . Additionally , while the

into the nanodiamond material.

SUMMARY

[0010 ] Briefly , therefore , provided herein is a method of
disaggregating nanodiamond clusters combining aggregated

mond particles. Detonation nanodiamond particles, in par

nanodiamond clusters with a disaggregating agent in a
liquid , which is a solvent for the disaggregating agent, with
the disaggregating agent being present in a concentration
above its solubility limit in the solvent to form a mixture of
solvent, solid disaggregating agent, dissolved disaggregat
ing agent, and nanodiamond clusters ; and sonicating the

It is therefore highly desirable to develop methods of
disaggregating nanodiamond clusters and obtaining single
digit nanodiamonds (i.e ., single digit nanodiamonds having

having a median particle size less than the median particle
size of the aggregated nanodiamond clusters, wherein a
mass ratio of disaggregating agent to nanodiamond particles
in the liquid medium is from about 10 : 1 to about 100 :1 , or

0005 ] Unfortunately , nanodiamonds have a strong ten
dency to aggregate, forming strongly -bound aggregates
comprising 10 , 20 , or even 100 or more primary nanodia

ticular, are known to form aggregates that cannot be
destroyed by traditionalmeans such as sonication or milling .
a diameter of smaller than 10 nanometers ).

[0006 ] Several disaggregation methods for nanodiamond
suspensions are known in the art, including ball milling ,
attrition milling, and bead -assisted sonic disintegration
(BASD ). Each of these techniques can be used to obtain
single -digit nanodiamond suspensions. Unfortunately , each

of the known disaggregation techniques possesses one or
more significant disadvantages. For example , many known

disaggregation techniques introduce impurities into the

nanodiamond material, which presents a significant concern

in the biomedical context. In addition, many known disag
gregation methods are complex , require expensive custom

made equipment, and /or significantly increase the cost of
obtaining single -digit nanodiamonds.
[ 0007 ] Recently, U .S . Patent Application Publication No .
2015 / 0038593 , which is herein incorporated by reference ,
disclosed a dry media -assisted attrition milling process that
utilized crystalline milling media , such as sodium chloride
or sucrose , to disaggregate nanodiamond clusters . This
process provided several significant improvements relative

slurry for a time sufficient to produce nanodiamond particles

from about 25 : 1 to about 75 : 1 , such as about 35 : 1 to about
50 : 1 .

[0011 ] Other objects and features will be in part apparent
and in part pointed out hereinafter .

BRIEF DESCRIPTION OF THE DRAWINGS

[0012 ] FIGS. 1A and 1B depict the particle size distribu

tion of nanodiamond aqueous dispersions discussed in
Example 1 .

[0013 ] FIGS. 2A , 2B , 2C , and 2D depict the FTIR data
[0014 ] FIGS. 3A , 3B , 3C , and 3D depict the particle size
distribution and photographs of initial and disaggregated

discussed in Example 2 .

nanodiamond compositions discussed in Example 6 .

[0015 ] FIGS. 4A , 4B , 4C , and 4D depict the Zeta potential

of nanodiamond compositions discussed in Example 4 .

[0016 ] FIGS. 5A , 5B , 5C , and 5D depict a TEM image of
nanodiamond compositions discussed in Example 7 .
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[0017] FIGS. 6A and 6B depict the particle size distribu

monds . This separation may be accomplished , for example ,

tion of nanodiamond aqueous dispersions discussed in
Example 8 .
DETAILED DESCRIPTION
[0018 ] Provided herein are methods of disaggregating

by dissolving the disaggregating agent in an eluting solvent
in which the nanodiamonds are relatively insoluble, but in
which the disaggregating agent is soluble . This eluting

nanodiamond clusters by salt -assisted ultrasonic disaggre

nanodiamonds may then be separated from the solution

gation (SAUD ). The methods described herein are useful,

nanometers in diameter.

[0019 ] The methods described herein may provide a num

examples of suitable separation techniques include centrifu
gation, electrostatic separation , hydrodynamic separation ,
froth flotation , and magnetic separation , among others .
[0026 ] The solubility of the disaggregating agent in an

ber of advantages relative to previously known methods of

disaggregating nanodiamonds. For example , no pH adjust

ing agent — by dissolution from the disaggregated nano

for example , to produce compositions comprising nanodia

monds having an average particle size of less than 10

ment of the nanodiamond dispersion is required . More
significantly , the method does not introduce any irremovable

solvent may be the same as or different from the primary

solvent in which the disaggregation is performed . The

comprising the disaggregating agent. Non - limiting

eluting solvent facilitates full separation of the disaggregat
diamond primary particles after the disaggregating process .

This contrasts with prior art processes that use insoluble

or difficult -to -remove contaminants into the resulting nano

milling media , such as zirconia or metal spheres. Accord

generally do not require costly materials or expensive equip
ment, such as zirconia microbeads or attrition mills, and can
be implemented by virtually any laboratory or scaled up for
large - scale production , for instance , by employing continu
ous flow sonication cells . Additionally , nanodiamonds pro
duced using the processes described herein can be dried and
then redispersed to form a colloidal dispersion of nanodia
monds that retain a relatively small particle size , which
represents another advantage compared to previously known
disaggregation techniques.
[0020 ] As used herein , the terms “ nanodiamond aggre
gates,” “ aggregated nanodiamonds,” and “ aggregated nano
diamond clusters" each refer to those nanodiamond aggre
gates comprising a multiplicity of primary nanodiamond
particles , for example nanodiamond aggregates comprising
at least 10 , 20 , 30 , 40 , 50 , 100 , or 1000 or more primary
nanodiamond particles.
[ 0021] As used herein , the term " disaggregating” refers to
the breaking apart of said aggregate clusters into smaller

the selected primary solvent and / or eluting solvent. It is

diamonds — an important advantage in applications for
which high purity nanodiamonds are necessary, particularly
biomedical applications . The processes described herein

clusters (i.e ., containing fewer primary particles ) down to
and including individual primary nanodiamond particles .

[0022] As used herein , the term “ particle size” is defined
a particle (which includes an aggregation of particles ) can
pass freely. For example, the particle size of a spherical

ingly , in preferred embodiments , the disaggregating process
is performed in the absence of insoluble milling media , such

as ceramic ormetallic milling media , which are insoluble in

particularly preferred that the process is performed in the
absense of milling media comprising zirconium .

[0027 ] To further reduce the presence of the disaggregat
ing agent as an impurity in the resulting nanodiamond

product, the separation step may be repeated multiple times

to achieve the desired level of purity . Preferably, at least

about 50 % of the disaggregating agent is removed , more

preferably at least about 75 % , at least about 90 % , at least
about 95 % , or even at least about 99 % . Most preferably,

substantially all of the disaggregating agent is removed from

the nanodiamond product.
10028 ] As described above , sonication may be carried out
for a time sufficient to reduce the median particle size of the
nanodiamonds to within a desired range. Suitable frequency ,
intensity , and duration of the sonication will depend upon

the desired nanodiamond particle size and the particular
equipment used . Such optimization is well within the skill of
the ordinary artisan .

[0029 ] For example , the period of sonication may range
from about 5 minutes to about 300 minutes . The sonication

may be carried out for at least about 5 minutes , about 10

as the diameter of the smallest circular hole through which

minutes , about 15 minutes, about 20 minutes, about 30

aggregate is equivalent to the diameter of the aggregate ,

from about 5 minutes to about 180 minutes , about 5 minutes
to about 120 minutes, and about 30 minutes to about 120

while the particle size of an ellipsoidal aggregate corre

sponds to the length of the longest minor axis .

[ 0023] In the methods described herein , aggregated nano
diamond clusters may be combined with a disaggregating

agent in a liquid medium . The resulting composition may

minutes, or about 60 minutes . Exemplary ranges include
minutes .

[0030 ] The sonication frequency may range from about 20

kHz to about 100 kHz. For example , the sonication fre

quency may be at least about 30 kHz, about 40 kHz, or about
50 kHz. Exemplary ranges include from about 20 kHz to

about 80 kHz, about 20 kHz to about 60 kHz, and about 50

then be sonicated for a time sufficient to produce nanodia

kHz to about 100 kHz.

clusters. This process may be referred to herein as salt

[0031] The power delivered by the sonicator may range ,
for example , from about 50 watts to about 1500 watts. The

mond particles having a median particle size less than the
median particle size of the initial aggregated nanodiamond

sonication power may be at least about 100 watts , at least

assisted ultrasonic disaggregation .
10024] As described in greater detail below , the liquid
medium is in the form of a dispersion , suspension , or slurry ,

about 250 watts , about 500 watts, or about 1000 watts .
Exemplary ranges include from about 500 watts to about
1500 watts , about 50 watts to about 1000 watts, and about

[0025 ] Once the composition has been sonicated for a time
sufficient to reduce the median particle size of the nanodia

250 watts to about 1500 watts.
Nanodiamond Surface Functionalization

disaggregating agent may be separated from the nanodia

use nanodiamonds that are purified and that are generally

wherein the dispersed or discontinuous solid phase com
prises the disaggregating agent and the nanodiamonds.

monds to within the desired range, at least a portion of the

[0032 ] In the processes described herein , it is desirable to
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free of contaminants . It is further desirable to utilize nano

diamonds that comprise hydrophilic surface groups, and in
particular nanodiamonds that comprise surface carboxyl
groups .

[0033] In some embodiments , the nanodiamonds comprise

at least about 0 .5 mmol of carboxyl groups per gram of

[0039] The disaggregating agent may comprise a crystal
line inorganic salt . For example , the disaggregating agent

may comprise an alkali metal, alkaline earth metal, or
ammonium salt of bicarbonate , bisulfate , carbonate , halide ,
hydrogen carbonate , hydrogen sulfate, metabisulfite, nitrate ,

sulfite, hydroxide , sulfate, or thiosulfate. The disaggregating
agent may comprise one or more amine or ammonium salts,

nanodiamond, for example at least about 0 .1 mmol of
carboxyl groups per gram of nanodiamond , at least about 0 .5
mmol of carboxyl groups per gram of nanodiamond , at least
about 1 mmol of carboxyl groups per gram of nanodiamond ,

nium carbonate , ammonium chloride , and methylamine
hydrochloride . The disaggregating agent may comprise one

nanodiamond . For example , the nanodiamonds may com -

hydrogen carbonates of pharmaceutically acceptable alkali

or at least about 2 mmol of carboxyl groups per gram of

including but not limited to ammonium bromide, ammo

or more crystalline hydroxides , hydrogen carbonates, or

prise from about 0 .1 mmol to about 10 mmol of carboxyl
groups per gram of nanodiamond , from about 0 .5 mmol to

metals , including but not limited to sodium , potassium ,

about 5 mmol of carboxyl groups per gram of nanodiamond ,

sodium hydrogen carbonate , sodium hydroxide; sodium

or from about 1 mmol to about 3 mmol of carboxyl groups

per gram of nanodiamond.

sulfate , sodium chloride, sodium metabisulfite, sodium thio
sulfate , Glauber ' s salt , sodium bisulfate ,magnesium sulfate ,

(0034 ) Without being bound to a particular theory , it is

potassium chloride, sodium carbonate , sodium bicarbonate ,

believed that the processes described herein are more effi

potassium carbonate , potassium bicarbonate , potassium bro

lithium , calcium , and barium ; sodium hydrogen sulfate ,

cientwhen applied to hydrophilic nanodiamonds thathave a
large number of carboxyl groups on the surface . Fortunately ,

mide, and potash alum .

virtually any nanodiamond can be made amenable to salt

halide salt, such as the halide salt of an alkali metal or

assisted ultrasonic disaggregation after a simple air oxida

tion step , which removes non - diamond carbon and forms
carboxyl (COOH ) groups on the surface . Other techniques
to introduce surface carboxyl groups to nanodiamonds are
generally known to those skilled in the art and include liquid
oxidation , microwave - assisted liquid oxidation , and gas

phase ( e .g ., ozone) oxidation techniques .

[0035 ] Accordingly, the methods described herein may
comprise an air oxidation step wherein the nanodiamond
aggregates are purified prior to the disaggregation step . Air
oxidation can be carried out as a matter of routine by those
having skill in the art, and typically involves heating the

nanodiamond sample ( e . g ., at a temperature of at least about
350° C ., at least about 375° C ., or at least about 420° C .) in

air for a sufficient period (e .g ., a period of at least about 5
minutes, at least about 15 minutes, at least about 30 minutes,
at least about 45 minutes , at least about 1 hour, or at least
about 2 hours).

[0036 ] In some embodiments , the nanodiamonds comprise
prises a salt. It is believed that when the disaggregating
surface carboxyl groups and the disaggregating agent com

agent comprises a salt that dissociates in the liquid medium ,

the cation may react with the surface carboxyl groups to
form the corresponding salt . As an example , when the

disaggregating agent comprises sodium chloride, sodium

carboxylate groups may be formed on the surface of the
nanodiamonds.

[0037 ] Without being bound to a particular theory , it is

believed that the electrostatic repulsion provided by anionic

surface groups ( e.g ., carboxyl groups ) may assist with the

disaggregation process and prevent re -aggregation of the
nanodiamond particles. Surface carboxylate groups ( e. g .,
sodium carboxylate) may dissociate to a greater extent than
surface carboxyl groups, and may therefore provide a further

enhancement of the disaggregation process .
Disaggregating Agent
[0038 ] In the processes described herein , the disaggregat
ing agent comes into contact with the nanodiamond aggre
gates , breaking them apart and reducing their effective
particle size . Typically, the disaggregating agent is a crys
talline material.

[0040 ] The disaggregating agent preferably comprises a
alkaline earth metal, andmore preferably a chloride salt such

as sodium chloride. The sodium chloride may be provided in
dendritic, granular, or ordinary cubic form .
[0041] Alternatively, the disaggregating agent may com

prise a crystalline sugar, organic acid , or organic acid salt.
Non - limiting examples of suitable crystalline sugars include

those comprising lactose , maltose , sucrose , and mixtures

thereof.Non -limiting examples of suitable organic acids and
salts include formic acid , acetic acid , propionic acid , byturic

acid , valeric acid , caproic acid , lactic acid , succinic acid ,

fumaric acid , maleic acid , tartaric acid , citric acid , benzoic

acid and derivatives thereof, para - toluenesulphonic acid ,
phenol , uric acid , trifluoromethane sulphonic acid , phospho

nic acid , aminomethylphosphonic acid , and pharmaceuti
cally acceptable salts and mixtures thereof. For example , the

disaggregating agent may comprise sucrose .

[0042 ] As a further alternative , the disaggregating agent

may comprise an organic crystalline compound other than a

sugar. For example , the disaggregating agent may comprise

one or more phenols or quinones .
10043 ] In applications where the nanodiamonds are used

to form metal-matrix composites, whether for improving

mechanical properties of metal or for biomedical applica

tions, such as magnetic imaging or anticancer therapy, or for

other applications , the disaggregating agent may comprise a
metal salt. For example , the disaggregating agent may
comprise a chloride, sulfate , or nitrate of gadolinium , cop
per, nickel, iron , or cobalt. Non - limiting examples of suit
able disaggregating agents include cuprous chloride , cupric
chloride , cupric sulfate , cupric nitrate , cuprous acetate ,
cupric acetate, nickel chloride, nickel sulfate , nickel nitrate ,

nickel acetate, ferrous chloride, ferric chloride , ferrous sul

fate , ferric sulfate , ferric nitrate , ferric acetate , ferrous

acetate , cobalt(II) chloride, cobalt(II ) sulfate , cobalt(II)
acetate , and cobalt( II) nitrate .
[0044 ] Preferably , the particle or crystal size of the disag
gregating agent is similar to the median particle size of the
aggregated nanodiamond clusters . For example , the initial
crystal or particle size of the disaggregating agent crystal
may be on the order of 0 .1 - 10 microns, which may be
similar, in certain embodiments , to the initialmedian particle

size of the aggregated nanodiamond clusters . The disaggre

US 2018 /0134563 A1
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gating agent and the aggregated nanodiamond may then be
reduced in size at a comparable rate , and thus maintain

about 125 : 1 , at least about 150 : 1, or at least about 200 : 1. In
preferred embodiments, the mass ratio of the disaggregating

process .

agent to the nanodiamond is from 10 : 1 to about 300 : 1 , such
as from about 10 : 1 to about 100 : 1 , or from about 25 : 1 to

relatively similar particle sizes throughout the sonication

[0045 ] As described above, it is preferred that the disag

gregating agent be soluble in an eluting solvent in which the
nanodiamonds are relatively insoluble ; this property facili
tates complete or nearly complete removal of the disaggre
gating agent from the nanodiamond product using centrifu
gation and / or washing that can be carried out by one skilled

in the art .

[0046] When the nanodiamonds are for use in biomedical

or pharmaceutical appplications, it is desirable that the
disaggregating agent be generally recognized as safe
(GRAS) by the pharmaceutical industry, such that any
portion of disaggregating agent that remains as an impurity

about 75: 1, such as about 35 : 1 to about 50 : 1. One currently
relative proportion of disaggregating agent is too small), the

preferred ratio is about 40 : 1 . If the ratio is too low ( i. e ., the

process does not achieve efficient and complete disaggre
gation of the clusters into primary nanodiamond particles . If
the ratio is too high , the medium is too thick and the transfer

of ultrasound energy to the clusters is inefficient and com
promised .
[0051] The concentration of the nanodiamond in the liquid

medium should also be sufficiently high to enable efficient
disaggregation . For example , the nanodiamond may be

present in an amount of at least 10 grams per liter of the

in the nanodiamond product would not be considered harm
ful.

liquid medium , such as at least about 20 g / L , at least about
30 g /L , at least about 40 g / L , or at least about 50 g /L .

Solvent

insoluble in the solvent component. In other embodiments ,

100471 The disaggregating process in one aspect involves

solvent component, and the liquid medium comprises the

combining aggregated nanodiamond clusters with a disag
gregating agent in a liquid medium comprising a solvent,
with the disaggregating agent being present in a concentra
tion above its solubility limit in the solvent. In a preferred
embodiment, this mixture consists essentially of the three
components of the clusters , disaggregating agent, and sol
vent, with there being no other components which materially
affect the mechanism by which the clusters are disaggre
gated . In another preferred embodiment, the mixtures con
sist only of these three components . The methods described

herein may utilize a solvent in which the disaggregating

agent is at least partially soluble, and in which the nanodia

monds are relatively insoluble. Water is a preferred solvent.

[0048 ] Alternatively, the methodsmay utilize a non -aque

ous organic solvent. Non - limiting examples of suitable
solvents include tetrahydrofuran , chloroform , 2 -methyl tet
rahydrofuran , ethyl acetate , dichloromethane , dichloroeth

ane , butyl acetate , dimethylformamide , dimethyl sulfoxide ,
ethanol, methanol, ethylene glycol, propylene glycol, dig
lyme, hexane, heptane, octane, and other higher hydrocar
bons, diethylcarbonate , benzene, and toluene, ionic liquids,
acetonitrile, propylene carbonate , among others.
[0049 ] In addition to the primary solvent that is a com
ponent of the sonicated mixture in combination with the
clusters and disaggregating agent to be sonicated , there is in
many embodiments an eluting solvent as mentioned above
used for separating the disaggregating agent from the dis
aggregated clusters after the disaggregation / sonication
operation . In a preferred embodiment, this eluting solvent is

water . In other embodiments , this eluting solvent may be , for
example , glycerin , dimethylformamide, and propylene gly
col.

Component Ratios
[0050 ] In order to provide a sufficiently dense environ
ment for the methods described herein to be carried out
efficiently, the disaggregating agent should be present in
significant excess relative to the nanodiamond . For example ,
the mass ratio of the disaggregating agent to the nanodia
mond may be at least about 5 : 1 , at least about 10 : 1 , at least
about 20 : 1 , at least about 30 : 1 , at least about 40 : 1 , at least

about 50 : 1 , at least about 75: 1 , at least about 100 : 1, at least

[0052 ]. In some embodiments , the disaggregating agent is

the disaggregating agent is at least partially soluble in the

disaggregating agent in an amount that exceeds its solubility
limit in the solvent component . For example , the liquid

medium may be supersaturated such that the disaggregating

agent is present in an amount of greater than 100 % , such as
greater than 125 % , greater than 150 % , greater than 175 % , or
greater than 200 % of its solubility limit .
[0053 ] A ratio of solvent to disaggregating agent is also

important, as it is important that it be low enough that a

substantial portion of the dissagregating agent is in slurry or

dispersion rather than dissolved , so that a substantial undis

solved portion of the disaggregating agent is available for

physical collision with the clusters to be disaggregated . For

example , the ratio of the mass of the solvent to the mass of
the disaggregating agent is typically less than about 4 : 1 ,
such as less than about 3 : 1 , less than about 2 : 1 , or less than
about 1 . 5 : 1 . Exemplary ranges for this ratio are between

about 0 .25: 1 and 4 : 1 , and between about 0 .5 : 1 and about
1 .5 : 1 . For example , in embodiments where the solvent
comprises water and the disaggregating agent comprises
sodium chloride , the mass ratio of water to sodium chloride

may be from about 0 . 25 : 1 to about 2 : 1 ,more preferably from

about 0 .5 : 1 to about 1.5 : 1, and most preferably about 1: 1.
[0054 ] The invention in one aspect involves an overall
three -way weight ratio solvent to disaggregating agent to

nanodiamond clusters that is carefully controlled . In one
embodiment, for example , the weight ratio of solvent :
disaggregating agent:clusters is between about 20 :40 : 1 and
in another embodiment it is about 40 : 40 : 1 . As a general

proposition , in certain embodiments this ratio is controlled
to be in the range between 25 : 100 : 1 and 40 : 10 : 1 , such as
between 40 : 75 : 1 and 40 :25 : 1 . These three -way weight ratios
are particularly preferred in embodiments where the solvent

is water and the disaggregating agent is sodium chloride .
Particle Size Reduction
[0055 ] The methods described herein may be used to
produce nanodiamond particles having a median particle
size of of less than about 50 nm , less than about 40 nm , less
than about 30 nm , less than about 25 nm , less than about 20
nm , or less than about 15 nm . The nanodiamond particles
have a median effective particle size of at least about 2 nm ;
and preferably less than 10 nm , for example less than about
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9 nm , less than about 8 nm , less than about 7 nm , less than

about 6 nm , or even less than about 5 nm .
[ 0056 ] As used herein , the terms “median effective par
ticle size ” and “median particle size ” mean that 50 % of the

nanodiamond particles have a particle size of less than the

stated value . The methods described herein may be used to

produce nanodiamond particles wherein greater than 50 % of

greater than about 60 nm , or greater than about 50 nm . As
means that the dispersion comprises less than 10 vol % , for
example less than 5 vol % , less than 2 vol % , or even less
than 1 vol % of said aggregates , relative to the total solid
volume of the nanodiamonds present in the dispersion .

used herein , the term “ substantially free of aggregates ”

[0064] Nanodiamond particles prepared according to the

said particles have a particle size of less than one of the
values listed above . For example , at least about 60 % , at least

methods described herein may be further characterized by an

about 70 % , at least about 80 % , at least about 90 % , at least
about 95 % , at least about 98 % , or at least about 99% of the
nanodiamond particles may have a particle size of less than

6 , less than about 5 , less than about 4 , or even less than about

one of the values listed above.

10057 ] The dynamic viscosity of nanodiamond colloid
may be measured by conventional methods known to those

according to the methods described herein may be further

disaggregated nanodiamond slurry, prepared using the meth

precipitation of the nanodiamond phase when stored for at

skilled in art . For example , the dynamic viscosity of a

ods described herein , may range from at least about 0 . 8

mPa.s to 5 mPa. s at a temperature of about 25° C .
[ 0058 ] As a non - limiting example , in one series of
embodiments , the methods described herein may be used to

produce nanodiamond particles wherein at least about60 % ,
at least about 70 % , at least about 80 % , at least about 90 % ,

at least about 95 % , at least about 98 % , or at least about 99 %
of said nanodiamond particles have a particle size of less
than about 20 nm , such as between 2 nm and about 20 nm .

In a second series of embodiments, the methods described
herein may be used to produce nanodiamond particles
wherein at least about 60 % , at least about 70 % , at least about

80 % , at least about 90 % , at least about 95 % , at least about
98 % , or at least about 99 % of said nanodiamond particles

have a particle size of less than about 10 nm , such as
between 2 nm and about 10 nm .

[ 0059 ] The size of nanodiamond particles in a given

sample may be measured by conventional particle size

measuring techniques known to those skilled in the art .

Non - limiting examples of suitable particle size measuring

isoelectric point ( IEP ) of less than about 7 , less than about

[0065 ] Aqueous dispersions of nanodiamonds prepared

characterized by advantageous storage stability. For
example , said aqueous dispersions may show no appreciable

least about 1 day, at least about 1 week , at least about 1

month , or at least about 4 months at ambient conditions .

[0066 ] Dry nanoparticulate compositions prepared

according to the methods described herein are also within

the scope of the present invention . Advantageously, dry
nanodiamonds that have been disaggregated as described

herein can be readily redispersed in water to form an
aqueous dispersion having an only slightly larger mean
particle size (e .g., a mean particle size of less than about 50
nm , less than about 40 nm , less than about 30 nm , less than
about 25 nm , less than about 20 nm , or less than about 15

nm ). This feature of the dry nanodiamond compositions is
significantly advantageous compared to nanodiamonds pre

pared using prior art disaggregation techniques , where dry

i ng and subsequent redispersion resulted in the formation of

aggregates having a mean particle size of 1 um or greater.
[0067 ] While the text of this disclosure focuses on aggre
gated and disaggregated nanodiamonds , it should be appre
ciated that the same principles and considerations can be

techniques include sedimentation field flow fractionation ,

applied to disaggregate other hard materials .

photon correlation spectroscopy , disk centrifugation , and
static and dynamic light scattering .

apparent thatmodifications and variations are possible with

Nanodiamond Particles and Compositions
[0060 ] In other aspects , the present invention is directed to

nanodiamond particles prepared using the methods
described herein . Still further aspects are directed to com
positions comprising said nanodiamond particles . Non -lim
iting examples of compositions within the scope of the
invention include dry powders, aqueous dispersions, and
colloidal dispersions comprising said nanodiamond par
ticles.

[0061 ] For example , pharmaceutical compositions com

prising nanodiamond particles prepared using the methods

described herein are within the scope of the present inven
tion .

[0062] The nanodiamonds may be characterized by a

median particle size within the ranges described above .
Likewise, the compositions may be characterized in that

they comprise nanodiamonds having a median particle size
within the ranges described above .
[ 0063] Aqueous dispersions of nanodiamonds prepared

10068 ] Having described the invention in detail, it will be

out departing from the scope of the invention defined in the
appended claims.
EXAMPLES

[0069] The following non - limiting examples are provided
to further illustrate the present invention .

Example 1
Materials and Procedures
[0070 ] All nanodiamond powders used in these experi
ments were produced by detonation . Nanodiamond samples
from three different manufacturers were designated ND1,
ND2, and ND3, respectively, as listed in Table 1 below .
10071] A portion of the nanodiamonds from each sample

was purified in air at 425° C . for 2 hours in a ceramic
crucible . The resulting purified samples each contained

about 95 -97 wt. % of nanodiamond terminated with car

according to the methods described herein may be substan tially free of aggregates having a particle size greater than

boxyl groups . These air -oxidized nanodiamond samples

about 250 nm , greater than about 200, greater than about 100

respectively , in order to reflect their dominant surface chem
istry (see Table 1).

nm , greater than about 90 nm , greater than about 70 nm ,

were labeled ND1 -COOH , ND2 -COOH , and ND3-COOH ,
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assisted ultrasonic disaggregation of both ND2 -COOH and

TABLE 1
Nanodiamond samples

ND grade

Sample name

UD90

ND1

Air oxidized UD90

ND1 -COOH
ND2

Nanodiamond grey

Air oxidized ND grey
Standard ND

Air oxidized Standard ND

ND2-COOH
ND3

ND3 -COOH

[0072] In each of the methods described below , sodium

chloride of reagent grade was purchased from Sigma- Al
drich and used as - received .

Salt -Assisted Ultrasonic Disaggregation (SAUD )
[0073] Test compositions were prepared using each of the

nanodiamond samples listed in Table 1.

[0074 ] For each sample , a mixture of 10 grams of sodium
chloride and 0 .250 grams of nanodiamond powder was

ground using a porcelain mortar and pestle and placed into
a 20 mL glass scintillation vial along with 5 mL of DI water.
The prepared composition was sonicated using a BRAN
SON SONIFIERTM 250 ULTRASONICATOR for 100 min

ND3- COOH was observed to yield stable single -digit nano
diamonds .
[0080 ] As shown in FIGS. 2c and 2d , FTIR indicates

dramatic differences in surface chemistry between ND2 and
ND2-COOH as well as between ND3 and ND3-COOH . The
FTIR spectrum ofND2 and ND3 reveals a complete absence
of the C = O stretch (appearing at 1812 and 1788 cm - - in the

corresponding spectra of the oxidized NDs) and presence of
the C - H stretch vibration peaks (2867, 2939 for ND2 and
2867, 2981 cm - l for ND3). This indicates the absence of
COOH groups on ND2 and ND3, higher content of CH ,
CH? groups , and the presence of OH , either chemically
attached to ND surface or in adsorbed water.
[0081] These results suggest that salt -assisted ultrasonic
disaggregation works better with hydrophilic nanodiamonds

that have a large number of carboxyl groups on the surface .

Fortunately , virtually any nanodiamond sample can bemade

amenable to salt- assisted ultrasonic disaggregation after a
simple air oxidation step , which removes non - diamond
carbon and forms COOH groups on the surface .

[0082 ] As shown in FIGS. 2a and 2b , there were no

observed changes in FTIR spectra of the disaggregated ND1

at 60 % output power and 50 % duty cycle at 60 kHz

and ND1-COOH nanodiamonds as compared to the initial
nanodiamond clusters . Accordingly, under the experimental
conditions described above , it was observed that salt -as

[ 0075 ]. After sonication , the composition was equally split

mond surface chemistry .

frequency.

between two 50 mL plastic FALCON centrifuge tubes and

sisted ultrasonic disaggregation did not alter the nanodia

dispersed in distilled water up to 100 mL total volume (2x50
mL ). Each composition was then centrifuged using an

Example 3

EPPENDORF CENTRIFUGE 5810 - R at 4000 rpm and 25°
C . for 10 minutes and the clear supernatant was discarded .
The wet nanodiamond precipitates were then redispersed in

Process Kinetics and Particle Size Distribution

[0083] Kinetics of the salt -assisted ultrasonic disaggrega

the clear supernatant was discarded and the wet nanodia

60 , and 100 min into the sonication process . The aliquots

distilled water ( 100 mL total volume) and centrifuged a
second time at 12000 rpm and 25° C . for 1 hour. Once again ,

tion process described in Example 1 were explored by taking

1 mL aliquots from the test composition at intervals of 30 ,

mond precipitates were redispersed in 5 mL of distilled
water for characterization .
[0076 ] A standard AgNO3 assay showed a complete

were subjected to two consecutive water washing and cen

absence of Cl- in the disaggregated nanodiamonds. After

distribution .

evaporation of water from the samples , formation of black

obtained using a ZETASIZER NANO ZS were used to

solid nanodiamond " chips ” was observed with a yield of
~ 200 mg, for an 80 % yield relative to the initial nanodia

mond mass of each sample.
Example 2

trifugation steps to remove NaCl, followed by dilution to

- 0 .2 wt. % nanodiamond before measuring the particle size

[00841 Dynamic Light Scattering (DLS ) measurements

determine the particle size distribution of the nanodiamond
dispersions. The same instrument was employed to measure
zeta -potential of nanodiamonds using electrophoretic mobil

ity . The measured particle size distributionswere found to be

sensitive to solution viscosity , which in turn depends on the

Fourier Transform Infrared Spectroscopy

nanodiamond concentration . Each measurement was taken

[0077 ] To demonstrate that salt-assisted ultrasonic disag

3 . A MPT- 2 auto -titrator was used to measure particle size
and zeta -potential versus pH .
[0085 ) The particle size distribution of an aqueous sus

gregation works with different nanodiamond grades from

different sources , nanodiamonds from samples ND2 and
ND3 , as well as nanodiamonds from the air -oxidized ND2
COOH and ND3 -COOH samples, were studied using Fou

rier Transform Infrared (FTIR ) spectroscopy.

[ 0078 ] The FTIR spectra were recorded in the 800 - 4000
cm - range at 1 cm - resolution using a THERMO NICO
LET NEXUS 470 FTIR spectrometer. The FTIR spectra of
nanodiamonds were recorded in potassium bromide pellets

made by pressing the mixture of 100 mg KBr and 1 mg ND

in triplicate , and the mean values are plotted in FIGS . 1 and

pension of neat ND1 nanodiamonds, measured by DLS ,

typically shows two broad peaks centered at 800 and 150 nm
(FIG . 1a, 0 min ), which correspond, respectively, to “ inter
mediate ” and “ core” nanodiamond aggregates . Suspension
of neat ND1-COOH showed a smaller average particle size ,
with a single peak centered at 70 - 80 nm (FIG . 16 , 0 min ).
This observation is consistent with previously reported data
that due to the high content of surface carboxyl groups , air

under a load of 15 tons.

purified nanodiamonds have a more uniform and hydrophilic

[0079] It was observed that salt-assisted ultrasonic disag

surface than as- received nanodiamonds.

produce single -digit nanodiamond particles. However, salt

of sample ND1, FIG . la shows that after 30 min a peak at

gregation of either ND2 or ND3 nanodiamonds did not

0086 ] During the salt -assisted ultrasonic disaggregation
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- 800 nm disappeared and a peak at ~ 150 nm reduced in
intensity and shifted towards smaller size at 70 nm . Within
the same period of time, a new intense and narrow peak at
21- 25 nm appeared , corresponding to small nanodiamond

aggregates of only a few particles each . After 60 min of
salt- assisted ultrasonic disaggregation , the peaks further
moved towards smaller sizes as compared to 30 min . A
significant reduction in size was observed after 100 min of

salt -assisted ultrasonic disaggregation with an intense peak

at 13 nm followed by a tail peaked at ~ 40 nm . Notably ,
salt -assisted ultrasonic disaggregation was difficult to con

tinue beyond 100 min , due to the dramatically increased
viscosity of the slurry reducing the efficiency of ultrasound

propagation .

[ 0087 A kinetics study for ND1-COOH was performed
similarly , and the results are shown in FIG . 1b . The same
trends were observed , although after 100 min of SAUD the
size of ND1- COOH was even smaller : the particle size

distribution showed an intense peak at 11 nm followed by a

tail at 30 nm . Without being bound to a particular theory , it

is believed that due to a greater hydrophilicity of the

air -oxidized ND1- COOH , this nanodiamond sample dem -

onstrated a better particle size distribution following the

same salt -assisted ultrasonic disaggregation process as com
pared to the ND1 nanodiamond sample .
[ 0088 ] It is well known that viscosity plays a significant
role in DLS , and that the particle size for a nanodiamond
suspension is dependent on the concentration and therefore

the viscosity of a given sample . DLS studies of aqueous

nanodiamond suspensions in the concentration range of
0 .01 - 5 wt % have been determined to have viscosities in the

range of 0 .9 - 1.8 mPa with a particle size range of 30 -5
nanometers, respectively . The behavior of concentrated

nanodiamond suspensions may be explained by the forma

gregated ) nanodiamond samples. Without being bound to a

particular theory, this may be due to the fact that in disag
gregated samples , the surface groups becomemore exposed
as compared to aggregated samples.
[0092] FIG . 4 shows Zeta potential versus pH in dashed
lines and Z average diameter versus pH in solid lines. The
circle data points represent nanodiamonds (NDs) before

salt -assisted disaggregation (SAUD ) and the square data
points represent NDs after SAUD . FIG . 4a shows these data

for ND1 (circles ) and ND1 after SAUD (squares ). FIG . 4b
shows these data for ND1-COOH (circles ) and ND1-COOH
after SAUD (squares ). FIG . 4c shows these data for ND2

COOH (circles ) and ND2 - COOH after SAUD (squares ).
FIG . 4d shows these data for ND3-COOH (circles ) and
ND3 - COOH after SAUD ( squares ). With respect to the Zeta
potential data , the isoelectric point (IEP ) determination for
ND1 and ND1-COOH samples was found to be 2 .8 -2 . 9 ,
while the corresponding disaggregated samples following

SAUD treatment had an IEP of around 2 .0 each . In the case

of ND2- COOH , it was observed that pH 2 was not acidic

enough to reach the isoelectric point. After SAUD treatment,

disaggregated ND2 -COOH samples had an 11 mV lower
zeta potential as compared to the non -treated starting mate

rial (FIG . 4c ).
Example 5

Analysis of pH and Particle Size
[0093] In terms of aggregation behavior, SAUD results in

a better colloidal stability of NDs down to lower pH values .
Size versus pH studies are illustrated with the solid lines in

FIG . 4 . FIG . 4a shows that for ND1 both before and after

SAUD , aggregation begins when the pH drops to below

tion of colloidal crystals where nanodiamond particles are

about 3 .2 . FIGS. 4b and 4d show that for ND1-COOH and
ND3-COOH , with SAUD treatment aggregation begins at a
pH lower than 4 .0 ; but at a pH higher than 4 . 0 without

viscosity . Diluted samples, however , exhibit an increase in
interparticle distance, therefore forming a more preferential

SAUD treatment. FIG . 4c shows that for ND2 -COOH , with

uniformly distributed with 10 nanometers of distance
between each crystal, resulting in a much greater sample
aggregates and an increased aggregate size.

SAUD treatment there is extreme stability down to pH 2 . 7 ;
as compared to moderate down to only 3 . 3 or even higher
without SAUD treatment. The differences between untreated

10089] Particle size distribution for 4 wt % nanodiamond
suspensions in water was determined to be different than for
the 0 . 2 wt % nanodiamond suspensions discussed above .

range of stability with SAUD treatment. The differences in

surements for the 4 wt % nanodiamond suspensions revealed

treated NDs underscore the role of surface chemistry , in

a particle size distribution having a peak at 6 - 8 nanometers
with a small tail at 20 - 30 nanometers simultaneously for

particular the number of COOH groups in these samples .

NDI, ND1-COOH , and ND2- COOH . The suspensions each
appeared to be very stable , having no precipitation at ambi

NDs with high colloidal stability in a broader pH range
produced by SAUD (e .g., ND2-COOH SAUD ) are of par
ticular interest for biomedical applications, in which stabil

ent conditions for over 1 month .

ity at lower pH is often required .

environment for the formation of nanodiamond secondary

Adjusting the viscosity setting to 2 .0 - 2 .3 cP for DLS mea

Example 4
Zeta Potential and Isoelectric Point
[0090] Observations of Zeta potential versus pH for nano

diamond samples before and after salt-assisted ultrasonic
disaggregation provide additional evidence for the forma
tion of single -digit nanodiamond suspensions.

[ 0091] The initial zeta potential of nanodiamond was of
negative charge at neutral pHs due to surface groups such as
carboxylic functions and graphitic shells . However, each

treated ( disaggregated ) sample appeared to show a more
negative zeta potential when compared to non -treated (ag

and SAUD - treated NDs demonstrate an improvement in
colloidal behavior of both greater stability and greater pH

colloidal behavior observed between different SAUD

[0094 ] For SAUD -treated ND1, the aggregation point
particular theory , this significant difference in nanodiamond
behaviors supports the impact of surface chemistry on the
salt-assisted ultrasonic disaggregation process.
started much higher at pH of 3 . 5 . Without being bound to a

Example 6

Optical Measurements and Color Observations
[0095 ] UV - Vis spectra of the disaggregated colloidal
nanodiamond solutions prepared as described in Example 1
above were acquired using a VARIAN CARY 50 BIO
UV -visible spectrophotometer.
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[0096 ] Absorbance spectra in the range of 400 - 800 nm

nanodiamond particles retain their diamond crystalline

were recorded for SAUD -treated (disaggregated ) ND1,

structure . The SAUD rings correspond to (111), (220 ) and to

ND1-COOH , ND2-COOH , and ND3-COOH colloidal com

(311) planes of nanodiamond with d spacing 0 . 204 (also
confirmed by HR - TEM shown in FIG . 56 ) , 0 . 126 , and 0 . 108

positions . Absorbance at 400 nm versus mass concentration

of nanodiamond was plotted and the weight extinction
coefficients were derived from the calculated linear regres
sion slopes. The Tyndall effect confirms colloidal state of
SAUD -treated nanodiamonds in aqueous compositions .
[0097 ] SAUD treatment also resulted in dramatic changes
in the color of nanodiamond suspensions observed for all
nanodiamond samples studied . (FIG . 3 , lower inset photos

are darker than the upper inset photos ).
[0098 ] It is known that well - dispersed nanodiamonds in
water have a darker color compared to aggregated samples.
The single - digit aqueous nanodiamonds have characteristic ,
almost black appearance . The origin of the dark color of

aqueous nanodiamond colloids is still debated , however, by
change in color during deaggregation is not related to light

adjusting the pH it has been proven in literature that the

nm , respectively. The measured d spacing values match well
with a structure of cubic diamond .
[0103] The chemical composition of the particles was

assessed by energy -dispersive spectroscopy (EDX ). As
expected , the EDX ( FIG . 5c) of the SAUD -treated ND1

showsmainly carbon , indicating high purity of the samples.
The signals of other elements observed in the EDX spectrum
are coming from the TEM grid (Cu ) and TEM detector (Si).
[0104 ] In contrast to XRD pattern of the initial aggregated
ND1 ( lower line in FIG . 5d ), the XRD pattern of SAUD
treated ND1 (upper line in FIG . 5d ) does not show any
intensity in the positions ( 002) and ( 004 ) peaks related to
graphite shells . Well pronounced peaks at 20 = 43 .9° and
75 . 3° , which correspond to diamond core , are in a good

agreement with previously reported diffraction data (PDF

absorbance by graphitic carbon impurities. Many factors,
including light scattering, absorbance by surface states,

Card 00 -006 - 0675 ). According to Scherer ' s equation , the

contribute to the color of single -digit nanodiamond colloids

nm , which is slightly less than in non - treated (aggregated )

in addition to bulk absorbance . However, even without

detailed knowledge of light interaction with nanodiamonds,
the changes in color can be used to make qualitative con
clusions about particle size in nanodiamond dispersions.

crystal size of SAUD - treated ND1 was calculated to be 4 .4

ND1 (4 .6 nm ). Both EDX and XRD analyses confirm that in

contrast to other nanodiamond de- aggregation techniques ,
no contaminations ( like Zro ,, SiO ,, iron oxides , etc .) are
introduced by SAUD .

[0099 ] ND1 has a brownish color in suspension (FIG . 3a ,

Example 8

inset). ND1-COOH , ND2 -COOH and ND3 -COOH appear

Additional Disaggregating Agents

upper inset ), while the color of SAUD ND1 is intensely
black -brownish at same concentration ( FIG . 3a , lower

to be grey or light grey (FIG . 3 , upper insets ), whereas the
SAUD -treated samples all become black -brownish (FIG . 3 ,
lower insets ), a sign of single -digit nanodiamonds.

10100 ] Light absorbance can be used for determination of

nanodiamond concentration . To this end , it is important to

[0105 ] Salt assisted ultrasonic disaggregation of ND1
Example 1, but using disaggregating agents other than
sodium chloride.
[0106 ] By following the SAUD protocol described in
Example 1 (using a mass ratio of water to disaggregating

nanodiamond aggregates was carried out as described in

know nanodiamond extinction coefficients . We have used
different concentrations of SAUD -treated nanodiamonds to
determine their mass extinction coefficients at 400 nm . The

agent to nanodiamond of 100 : 200 : 5 ) , but replacing the NaCl

calculated mass extinction coefficients are 1.880 , 0 .841 ,
0 . 999 , and 1. 206 mg.mL - 1. cm - ' for SAUD - treated NDI,

ticles having an average particle size of 72 nm were
achieved ( FIG . 6a). Using an identical protocol, but with

ND1- COOH , ND2-COOH , and ND3-COOH , respectively .
Example 7
Transmission Electron Microscopy ( TEM ) and
Energy - Dispersive X -Ray (EDX ) Spectroscopy

[0101] TEM was carried out with a PHILIPS TECNAI

F30 field - emission electron microscope operated at 200 kV.
TEM samples were prepared by drop casting ND aqueous
colloidal solutions onto carbon - coated Cu grids followed by
drying in ambient air atmosphere . EDX was performed in
TEM with 130 eV energy resolution using Li- drift Si detec

tor. Additional structural information was obtained by Small

Area Electron Diffraction (SAED ), also performed in TEM .
[0102 ] Additional characterization of SAUD - treated
nanodiamonds was performed by transmission electron

microscopy ( TEM ) and X - ray diffraction (XRD ). FIG . 5a
shows representative TEM images of SAUD -treated ND1
drop - casted on the carbon coated copper grid from a col
loidal solution . No dense dark aggregates of nanodiamonds
can be seen in a wide - field low - resolution image. The

sample appears uniform and the nanodiamonds form a loose
monolayer . The inset of FIG . 5a is a selected - area electron

diffraction (SAED ), which confirms that the SAUD - treated

with potassium chloride, disaggregated nanodiamond par

sodium acetate as the disaggregating agent, resulted in

disaggregated nanodiamond particles having an average

particle size of 3 .8 nm in water (FIG . 6b ). In both experi
ments, the particle size distributions were measured at 4 wt.
% nanodiamond concentration in a colloidal solution and at

a viscosity of 1.6 mPa.s.
Example 9

X -Ray Photoelectron Spectroscopy
[0107 ] Chemical composition data in below Tables 2 -3
show that the content of the alkali metal is within 0 .72 -0 .85
at % ., while chlorine content is negligible (~ 0 .06at % ),
supporting the hypothesis about formation ofthe ND salts of
respective alkalimetals during NaCl and KCI SAUD .More

over, the formation of ND - COO - Na + (ND -COO - K + ) is
expected in these circumstances based on simple chemical

considerations, assuming that ND -COOH is a weak acid
(weaker than HCI), which seems to be a valid assumption .

[0108 ] Salt assisted ultrasonic disaggregation of ND1
nanodiamond aggregates was carried out as described in
Example 1 (using sodium chloride as the disaggregating
agent) and Example 8 (using potassium chloride as the
disaggregating agent.) Characterization of the resulting

May 17 , 2018

US 2018 /0134563 A1
SAUD -treated nanodiamonds was performed using X - ray
photoelectron spectroscopy (XPS ).
[ 0109 ] The data in Table 2 demonstrate that for the SAUD
treated nanodiamonds processed using sodium chloride, the
content of the alkali metal in the liquid medium is within a
range of from about 0 .72 to about 0 . 85 atomic percent, while

chlorine content is negligible (~ 0 .06 at. % ). Similar results
were observed or the SAUD - treated nanodiamonds pro

cessed using potassium chloride, as shown in Table 3 . The

XPS quantification report of SAUD -treated nanodiamonds

processed with sodium chloride is presented in Table 2

below ; the corresponding data for SAUD - treated nanodia
monds processed with potassium chloride are presented in
Table 3 below .
TABLE 2

XPS quantification report of SAUD
ND1 processed with sodium chloride.

Peak

Atomic Conc. %

Na ls
Fe 2p

0 .82
0 .21
11. 35
0 .21
2 .13
84.66
0 .06

Ols

Ti 2p

Nls

C 1s
Cl 2p

Si 2p

0 . 57

in the above description and shown in the accompanying
drawing [s ] shall be interpreted as illustrative and not in a
limiting sense .
What is claimed is:
1. A method of disaggregating nanodiamond clusters, the
method comprising :
(a ) combining aggregated nanodiamond clusters with a
disaggregating agent in a liquid medium comprising a
solvent, with the disaggregating agent being present in
a concentration above its solubility limit in the solvent
to form a mixture of solvent , disaggregating agent, and

nanodiamond clusters ; and

(b ) sonicating the mixture for a time sufficient to produce

nanodiamond particles having a median particle size
less than the median particle size of the aggregated
nanodiamond clusters , wherein a mass ratio of disag

gregating agent to nanodiamond particles in the liquid
2 . The method of claim 1 wherein the disaggregating
agent comprises a crystalline inorganic salt .
3 . The method of claim 2 wherein the disaggregating
agent comprises a halide salt.
4 . The method of claim 2 wherein the disaggregating
agent comprises a chloride salt.
5 . The method of claim 4 wherein the disaggregating
agent comprises sodium chloride.
6 . The method of claim 1 wherein the disaggregating
medium is from about 10 : 1 to about 100 : 1 .

agent comprises a crystalline sugar, organic acid , or organic
salt .

7. The method of claim 1 wherein the disaggregating

TABLE 3

agent comprises a chloride , sulfate , or nitrate of gadolinium ,

XPS quantification report of SAUD ND1
processed with potassium chloride.

Peak

Fe 2p

Ols
N1s
K 2s

Atomic Conc . %
0 .26
9 .61
2 .07

copper, nickel, iron , or cobalt.

8 . The method of claim 1 wherein the disaggregating

agent comprises sodium chloride .
9 . The method of claim 8 wherein the solvent comprises
a non - aqueous organic solvent.

10 . The method of claim 9 wherein the disaggregating

0 .75

agent is at least partially soluble in the solvent component,

Cl 2p

C 1s

86 .80
0 . 06

Si zp

0 .45

and wherein the liquid medium comprises the disaggregat
ing agent in an amount that exceeds its solubility limit in the
solvent component.

11 . The method of claim 10 wherein the liquid medium

[0110 ] These data indicate the formation of nanodiamond
salts of the respective alkali metals ( e. g ., sodium and potas sium , respectively ). Without being bound to a particular
theory , the formation of ND - COO -Na+ and ND -COO - K +

would be expected in these circumstances based on simple
chemical considerations , assuming that ND - COOH is a

weak acid (weaker than HCl), which appears to be a valid
assumption.

comprises the disaggregating agent in an amount of greater
than 200 % of its solubility limit in the solvent component.

12 . The method of claim 1 wherein the mass ratio of the

disaggregating agent to the nanodiamond in the liquid
medium is at least about 150 : 1 .

13 . The method of claim 1 wherein the liquid medium is

sonicated for a period of from about 30 minutes to about 120
minutes.

14 . The method of claim 1 further comprising a separation
separated from the nanodiamond particles by dissolving at

[0111 ] When introducing elements of the present inven
tion or the embodiments (s) thereof, the articles “ a” , “ an ” ,
“ the” and “ said ” are intended to mean that there are one or
more of the elements. The terms " comprising” , “ including ”
and “having” are intended to mean that there may be
additional elements other than the listed elements .

least a portion of the disaggregating agent in an eluting

[0112] In view of the above, it will be seen that the several

comprises water.

objects of the invention are achieved and other advantageous

results attained .
[0113 ] As various changes could be made in the above
compositions and processes without departing from the
scope of the invention , it is intended that allmatter contained

step wherein at least a portion of the disaggregating agent is

solvent in which the nanodiamond particles are substantially

insoluble and in which the disaggregating agent is soluble.
15. The method of claim 14 wherein the eluting solvent
16 . The method of claim 1 comprising an air oxidation

step prior to the disaggregation step , wherein said air oxi
dation step comprises heating the aggregated nanodiamond
clusters in air at a temperature of at least about 350° C . for
a period of at least about 5 minutes .
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17 . The method of claim 1 wherein the method is per

formed in the absence of ceramic ormetallic milling media .
18 . The method of claim 1 wherein :

the mixture of solvent , disaggregating agent, and nano
diamond clusters comprises sodium chloride as the
disaggregating agent and water as the solvent;

the sodium chloride is present in a concentration greater
than 200 % of its solubility limit in the water ;
the disaggregating agent is present in a mass ratio to the
nanodiamond clusters of at least about 150:1 ;

the nanodiamond clusters are present in a concentration of
at least about 30 g / L ; and

the sonication is for between about 5 minutes to about 120
minutes.
*

*

*

*

*

